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ABSTRACT
Turbulent dynamics generate random fluctuations in density and velocity in the Inter-
stellar Medium (ISM) of spiral and dwarf galaxies. Observationally, H i 21-cm radiation
provides a good probe of these stochastic processes and helps us to know more about
their nature and generating mechanism. Structure function, auto-correlation function,
power spectrum are some of statistical estimators of these fluctuations which have been
used in literature. Earlier studies like Dutta et al. (2013) has found that the power
spectrum of the column density fluctuations follow power law at scales at large as ∼ 10
Kpc. However, generating mechanisms of these structures are not yet understood. In
this thesis we are interested in estimating the velocity power spectrum at these scales
to understand the energy associated with these structures and the type of forcing of the
turbulence. Estimating power spectrum from observations can be either by using the
directly measured quantity visibility or by reconstructing the sky brightness distribution
(or image) from the visibilities. By using simulated observations of a model galaxy with
known power spectrum we find that the visibility based estimator reproduce the true
power spectrum. The image based estimator has a scale dependent bias that is highly
correlated to the incompleteness in the baseline coverage of the interferometer. Inter-
estingly, we found that the noise in the reconstructed image has zero mean and hence
the locally averaged quantities estimated from the reconstructed image are unbiased.
We implement the visibility moment estimator as discussed in Dutta et al. (2015) and
estimate the line of sight velocity fluctuation of the spiral galaxy NGC 6946. Obtained
velocity power spectrum obeys a power law with slope 3.1± 0.4 and an amplitude of 10
km sec−1 at scales about 4 Kpc. Our result strongly indicate presence of large scale tur-
bulence in the spiral galaxies and the observed slope favour slightly towards compressive
forcing. We conclude that we would need to have higher signal to noise H i observations
to definitively comment on the generating mechanisms of the large scale turbulence.
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Abbreviations
Acronym Full form
H i Neutral hydrogen
ISM Interstellar Medium
SFR Star Formation Rate
NGC New General Catalogue
AIPS Astrophysical Image Processing System
VLA Very Large Array
GMRT Gaint Meterwave Radio Telescope
WSRT Westerbork Synthesis Radio Telescope
THINGS The HI Nearby Galaxy Survey
Symbols Definitions
~U Baseline in kilo wavelength
ν Observing frequency in MHz
~θ Angle in the sky measured
from the centre of the galaxy
~r Radial vector from galactic center
V(~U, ν) or V(~U) Visibility
I(~θ, ν) Specific Intensity
W (~θ) Window function
N (~U, ν) Noise at baseline ~U and frequency ν
PA(~U) Power spectrum of A
M0(~θ) Zeroth moment of intensity
M1(~θ) First moment of intensity
V0(~U) Zeroth moment of visibility
V1(~θ) First moment of visibility
vz(~r) Line of sight component of velocity
vTz (~r) Line of sight component of turbulent velocity
vΩz (~r) Line of sight component of
systematic rotational velocity
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1. INTRODUCTION
Inter Stellar Medium (ISM), the medium in between the stars in our Galaxy and other
spiral or dwarf galaxies, is composed of mainly gas, dust and charged particles. ISM
play an important role in evolution of the spiral galaxies (Draine, 2011). In one end it
is the seed for the star formation and then when stars die their material changes the
composition of the ISM, triggering its evolution (Ballesteros-Paredes, 2004). Earlier ob-
servations, like by Jenkins and Meloy (1974), of the absorption lines in the stellar spectra
suggested the existence of gas in between the stars. These were later called as the ISM.
In depth studies of the medium followed and branched into other techniques than just
optical astronomy: x-ray observations that probes the hot ionized medium, observation
of molecular lines in radio and millimeter waves, low radio frequency observations of
neutral hydrogen are some examples. It is understood that ISM is not a smooth passive
medium, rather it has intricate structures and interesting dynamics. Theoretical under-
standing of these structure and dynamics indicated a turbulent medium that influence
the star formation in the ISM (Ballesteros-Paredes, 2004; Mac Low and Klessen, 2004))
and its chemical and compositional evolution.
Systematic study of ISM had begun perhaps in 1951, when von Weizsa¨cker (1951)
proposed a theory of ISM, where he assumed that the differential galactic rotation stirs
the entire ISM at the large scales. It results in supersonic turbulence, the energy cascades
down to small scales and dissipates by viscosity. Detailed analytical and numerical
studies has addressed generation of ISM turbulence and its effects in various length
scales. It is well understood that though broadly we call it ISM turbulence, the physics
of the process is different and leads to different effects at different length scales in the
ISM (de Avillez and Breitschwerdt, 2004). A detailed review on the progress on study
of ISM turbulence and their observation can be found in Elmegreen and Scalo (2004).
Turbulence generate scale invariant fluctuations in the density and velocity of gases
in ISM (Federrath et al., 2009). Since this fluctuations are intermittent and random, the
information of the physical process lie in the the statistical nature of this fluctuations.
Observationally, the observation of the properties of the specific intensity of radiation
gives us informations about the dynamical variables of the process. In this thesis we
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address how we can probe the ISM turbulence at the largest scale, that is at the scales
compared to the extent of the ISM in the galaxy. Here we discuss the backgrounds of
the observational procedure and give a brief description about the ISM of external spiral
galaxies.
1.1 Statistical probes to ISM turbulence
As turbulence being a stochastic process, the observational signatures are through var-
ious scale dependence statistical estimators of the density and velocity fluctuations of
the ISM. Kolmogorov in 1941 formulated a theory of turbulence in incompressible fluid.
He assumed that the system is stirred at the largest scale by some external force and
the energy then percolates to the smaller and smaller scales till it reaches the scale of
dissipation. In between the driving scale and the dissipation scale lies the inertial range,
where rate of energy input at a scale equals the rate of energy that goes out from that
scale. This results in a system with no prefered scales in between the driving and dis-
sipation scale1. Later when the nonlinear dynamics of the compressible systems were
studied, it is realized that with the velocity fluctuations the density fluctuations of the
compressible fluid, that is gas, would assume scale free nature in the inertial range for a
detailed description of Kolmogorov theory. Hence, to observationally probe turbulence
and find out the inertial range, driving and dissipation scales and mechanisms, it is use-
ful to look at the statistics of the density and velocity fluctuations at different length
scales (Tennekes and Lumley, 1972). Here are a few statistical descriptor of the same.
The basic statistical tools are mean, median, skewness and kurtosis, which all are
one point statistics of the data. To probe turbulence, it is rather important to look at
the two point and higher order statistics. Structure function of order p for a stochastic
observable A is defined as,
SP (|δ~r|) =
〈|A(~r)−A(~r + δ~r)|P 〉 , (1.1)
and theoretically if evaluated to all orders it contains all the information of the stochastic
fields. Statistical nature of Gaussian random fluctuations can be completely specified
by its mean and either the auto-correlation function or power spectrum. The auto-
correlation function ξA(|δ~r|) of any homogeneous and isotropic scalar field A is defined
1 See Frisch (1995) for a detailed description of Kolmogorov Theory.
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as,
ξA(|δ~r|) = 〈|A(~r)A(~r + δ~r)|〉 . (1.2)
Power spectrum is the Fourier transform of the auto-correlation function,
PA(k) =
∫
d~rei
~k.~rξA(|δ~r|) (1.3)
where k = |~k|. Angular brackets in the above expressions stands for ensemble average.
For astronomical observations, we are always limited to have a single realization of
the sky, assumptions like statistical homogeneity and statistical isotropy are evoked to
perform the above averaging.
1.2 21 cm radiation from external spiral
galaxies
Spectral lines provide the window to measure the ISM structures and dynamics. Spectral
signature of the elements not only tell us the abundance and density fluctuations of
the element in the ISM, but the width and the Doppler shift of the line provides the
information of its dynamics. Key is to choose an element with easily observable spectral
signature. Examples of spectral lines from ISM that has relatively higher strength are
Ca+, Na, CO etc (Wilson et al., 1970; Zuckerman and Palmer, 1974; Goldreich and
Kwan, 1974). However, these elements constitute a very small part of the ISM and
distributed unevenly over the galactic disk. Since 70% of the ISM is neutral hydrogen
atom (H i ), observing it would trace the ISM more completely. The hyperfine structure
transition line from H i (frequency 1420 MHz), other wise known as 21 cm line, provides
the nicest probe to ISM structure and dynamics.
Specific intensity of the radiation of the 21-cm line emission is given by (Draine,
2011),
I(~θ, ν) = I0
∫
dz nHI(~r) φ(ν) (1.4)
where z is the line of sight direction, ~r = (x, y, z) = (~R, z). Here ~R is in the plane of the
sky. The angular sepeartion of a direction in the field of view with respect to the field
center is ~θ =
~R
D . D is the distance between the observer and the galaxy. Note that the
galaxy constitutes a very small angle in the sky, hence we can assume the sky to be flat.
I0 =
3
16pihν0A21, where A21 is the Einstein coefficient for 21-cm radiation. nHI(r) is the
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number density of hydrogen atom and φ(ν) is the line shape function. As in the different
direction in the sky the velocity of the H i gas element emitting 21-cm radiation can be
different, the observed frequency of the emission is Doppler shifted. Hence, the Doppler
shift can be used to write equation 1.4 in terms of line of sight velocity of the gas as
I(~θ, v) = I0
∫
dz nHI(~r) φ(v). (1.5)
The line shape function φ(v) is defined as,
φ(v) = φ0 exp
[
− [v − vz(~r)]
2
2σ2
]
(1.6)
where vz(~r) is the line of sight component of velocity of H i gas and σ =
√
kBT
mHI
is the
thermal velocity dispersion. The line shape function is normalized as,∫
dv φ(v) = 1. (1.7)
Moments of the specific intensity provides information about the density and velocity
structures of the gas (Binney et al., 2009). Here we describe only first two moments.
The zeroth moment of the intensity is defined as,
M0(~θ) =
∫
dv I(~θ, v) (1.8)
where the velocity integral is over the entire spectral range of H i emission. The column
density of the H i gas along line of sight direction is given by NHI(~θ) =
∫
dz nHI(~r).
Clearly, the zeroth moment gives the column density of the H i gas,
M0(~θ) = I0NHI(~θ). (1.9)
The first moment of I(~θ, ν) is defined as,
M1(~θ) =
∫
dz v I(~θ, v)
M0(~θ)
(1.10)
M1(~θ) essentially gives the density weighted line of sight component of velocity of H i
gas. This indicates that using the observed specific intensity of the 21-cm radation it
would be possible to estimate the statistical properties of the density and velocity of the
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H i .
In this work we would like to probe the ISM of the external spiral galaxies. ISM in
the spiral galaxies have morphology of a disk with the number density profile roughly
exponential along the radial direction, whereas roughly it follow a Gaussian function
along the direction perpendicular to the disk. The characteristic scale along the radial
direction is called the scale length and that in the vertical direction is termed as the scale
height. The ratio of the scale height to scale length in a typical spiral galaxy is 1 : 10 or
even higher suggesting that the disk is thin (Kregel et al., 2004). The number density
of H i in the disk, apart from this smooth variation, has statistical fluctuations in scales
at 10 kpc to sub parsecs (Crovisier and Dickey, 1983; Dutta et al., 2013). The major
dynamical feature of the disk is its differential rotation with the rotation axis roughly
aligned perpendicular to the disk. Added to this systematic rotation, there would be
random motion of the ISM owing to the turbulent dynamics. For a given galaxy, the axis
of systematic rotation can be oriented at a random direction in the sky. This orientation
of the disk is usually quantified by two angles, the inclination angle and the position
angle. Most of the galaxy disks however have warps, that is the position angle and the
inclination angles changes with the distance from the galactic centre. The tangential
rotation velocity added with the random velocity from turbulence, the inclination and
position angles, gives rise to a particular pattern in the line of sight velocity. This is
what can be estimated from the moment one map of the specific intensity.
1.3 Radio Interferometric observation of
Neutral Hydrogen
In the earlier days, most of the understandings on ISM were obtained mainly from
the Milky way galaxy using single dish radio telescopes (see for example McGee et al.
(1966)). Single dish radio telescopes have poor angular resolution so that it is inadequate
to study the large scale structures of external galaxies. Meanwhile, radio interferometers
are composed of many different array elements, called antenna or tiles, which effectively
act as single dish radio telescope with high resolution. So, measurement of the H i inten-
sity at a large range of length scales, requires radio interferometric arrays (Crovisier and
Dickey, 1983). VLA(Very Large Array), GMRT(Gaint Meterwave Radio Telescope),
WSRT(Westerbok Synthesis Radio Telescope) are some of the important radio inter-
ferometers in the world. In an interferometer, every pair of these antenna measures a
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quantity called visibility V(~U, ν), which can be approximated as the Fourier transform
of the specific intensity I(~θ, ν). Visibilities are measured discretely at the baseline vector
~U given by the instantaneous projected separation of the antenna pair along the plane of
the sky in units of observing wavelength. Hence, the interferometers effectively sample
the Fourier transform of I(~θ, ν), i.e I˜(~U, ν) at a set of discrete points in ~U given by the
array configuration of the antenna, declination of the source and the integration time of
observation. The measured visibilities can be written as
V(~U, ν) = I˜(~U, ν)S(~U) (1.11)
where, S(~U) is the sampling function. If the total number of sampling in the baseline
space is Nb, the sampling function would be
S(~U) =
Nb∑
i=1
δ(~U − ~Ui). (1.12)
Inverse Fourier transform of the measured visibility is called the dirty image:
ID(~θ, ν) = I(~θ, ν)⊗B(~θ). (1.13)
Here B(~θ) is the Inverse Fourier transform of the sampling function and essentially the
Point Spread Function (or beam) of the interferometer. Since the sampling function can
be quite discrete, the interferometer beam is non trivial and the dirty image can not be
used as an estimate of the sky image. It is necessary to deconvolve the interferometric
beam from the dirty image. Strictly speaking, in most of the cases when the sampling
in the baseline space is sparse, specially with extended emission, the deconvolution does
not give unique results. Nevertheless, different deconvolution schemes are used, CLEAN,
MEM are to name a few. Chapter 2 describes CLEAN algorithm (Rich et al., 2008),
which we are using in our work. Finally, we note here that the observed frequency shift
can be directly transferred to the velocity of the gas that is emitting the H i radiation
as discussed in the previous section.
1.4 Aim of this thesis
Column density power spectra of Milky way galaxy was found to obey power law at length
scales ranging sub parsacs to 200 pc, suggesting the existence of turbulence there in. It
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was argued that the turbulence is mostly generated as a results of the supernovae shocks
stirring the ISM. Recent estimation of H i column density power spectrum from external
dwarf and spiral galaxies by Begum et al. (2006), Dutta et al. (2008, 2009, 2013) found
that they obey power law ranging from 1 kpc to 10 kpc. It is unlikely that these large
scale fluctuations are a result of turbulence driven by supernovae. Numerical studies by
Federrath et al. (2009) demonstrated the nature of solenoidal vs compressive forcing in
compressible fluid turbulence. An observational probe in the velocity fluctuation will
clearly suggest more on the character of the energy input and the generating mechanism
of these large scale structures. We plan to investigate in this line here.
There are several quantifier of the scale dependence of the velocity fluctuations of the
ISM of our galaxies, like Velocity channel anaslyis(VCA)2, Velocity Coordinate Spectrum
(VCS)3, statistics of the centroid of velocities4 etc. Among these VCA is most efficient
technique (Stanimirovic´ and Lazarian, 2001; Chepurnov et al., 2015), and has been used
extensively to probe the small scale velocity structures of our galaxy. Recently, Dutta
(2016) demonstrated that VCA has limitations when applied to external galaxies.
There are two distinct classes of statistical estimators. Some of these are based on
the directly measured quantity from the interferometers, the visibilities, others rely on
the reproduction of the sky brightness distribution from the interferometric data. It
has been shown that in some cases these two different techniques results in conflicting
estimates of the statistical quantities, like the power spectrum. Though visibility based
estimators are more direct, the image based estimators can estimate the power spectrum
of parts of the field of view of the telescopes. Later is essential at some particular cases,
like to correlate star formation with ISM turbulence, variation of MHD turbulence in
arm and inter arm regions of the spiral galaxies etc. In fact the ISM velocity structure
estimators that we have outlined above all rely on the reconstructed image.
In this work we first quantify the efficacy of the image and visibility based estimators
of the power spectrum using numerically simulated observations. We use a model H i
observation from an external face on spiral galaxy for this purpose. We investigate
the reason for the possible deviation from the true power spectrum. Our investigation
suggested that the visibility based estimators are unbiased and more desired. Next we
implement a visibility based estimator for the velocity power spectrum of spiral galaxies
and draw scientific conclusions from the measurements. Remaining part of the report is
2 VCA: Lazarian and Pogosyan (2000)
3 VCA: Chrupnov and Lazarian (2008)
4 Esquivel et al. (2007)
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divided as follow. Chapter 2 discuss about the efficacy of two power spectrum estimators.
The velocity power spectrum estimator we have used is discussed in Chapter 3, we also
note our result there. At the end, we conclude the report in Chapter 4 with our findings
and its impact on ISM physics.
2. ON THE MERIT OF THE POWER
SPECTRUM ESTIMATORS
Power spectrum quantifies the scale dependence of the random fluctuations. In this
chapter we discuss the image and visibility based power spectrum estimator and check
the efficacy of them using numerically simulated observations. We also comment on the
reason for the possible deviation.
2.1 Power spectrum estimation
The moment zero map of the specific intensity, M0(~θ), gives the column density of the
H i gas. The power spectrum of the column density is defined as
PHI(~U) = δD(~U − ~U ′)
〈
M˜0(~U)
∗M˜0(~U ′)
〉
1 (2.1)
The angular bracket here refer to ensemble average and has to be taken over many
realisation of the sky. In practice, the fluctuations are often statistically isotropic, the
ensemble average can be replaced with an azimuthal average. Following, we discuss two
different estimators that has been used in literature to probe the power spectrum of H i
intensity fluctuations from radio interferometric observations.
2.1.1 Visibility based power spectrum estimator
Visibility based power spectrum estimator was introduced by Bharadwaj and Sethi
(2001). It has been widely used to find out the power spectrum of H i intensity fluc-
tuation of our Galaxy and external spiral and dwarf galaxies and also is proposed as a
major tool in detecting the H i 21 cm signal from the epoch of reionization. Here we
give a brief overview. For more technical details, readers may refer to texts like Dutta
1 We denote the two dimensional Dirac delta function by δ with a suffix D. Tilde ’ ’ denotes
the corresponding Fourier transforms.
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(2011). We start with investigating the quantity
PV (~U) = δD(~U − ~U ′)
〈
V ∗(~U)V (~U ′)
〉
, (2.2)
and use the expression for visibility in eqn (2) to write above as
PV (~U) = δD(~U − ~U ′)
〈
M˜0(~U)
∗M˜0(~U ′)
〉〈
S∗(~U)S( ~U ′)
〉
. (2.3)
Here we have used the fact that the fluctuations in the sky and the sampling function
are uncorrelated. The measured visibilities directly gives PV . For a particular obser-
vation the sampling function is well known and the second term can also be estimated
completely. The first term in the angular bracket is essentially the H i power spectrum
defined in eqn. (5). Since the effect of the sampling function here is just a multiplicative
factor, the H i power spectra can be directly estimated from the visibilities. This estima-
tor is usually refered to as the visibility correlation estimator in literature. In practice,
the measured visibilities also accompany measurement noise from the interferometer.
However, such a noise is independent of baseline and can be trivially removed from the
power spectrum estimates (Dutta et al., 2008).
Visibility based power spectrum estimator works with the directly observed quantity,
the visibility, and hence is a more direct probe of the power spectrum from the data.
One do not need to go through a complex deconvolution procedure here. On the other
hand, as the power spectrum is calculated in visibility space, it is not straight forward to
select a part of the field of view of the interferometer and selectively estimate the power
spectrum for that part. This is a major shortcoming of this estimator.
2.1.2 Image based power spectrum estimator
Image based power spectrum are also used in literature, where the sky image estimated
through deconvolution of the interferometer beam from the dirty image is used. Different
deconvolution algorithm are used to reconstruct the sky brightness distribution, among
which CLEAN is widely used. Here we briefly describes about the CLEAN algorithm.
In CLEAN, the sky image is assumed to be a collection of point sources. It identifies
the brightest point sources in the sky from the brightest pixels in the dirty image and
(partially) remove the effect of these sources in the visibilities. It them remake the dirty
image and proceed in a similar manner. Thus it uses a simple iterative procedure to
find the position and strength of (all) the point sources. The final deconvolved CLEAN
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image is these point sources convolved with a synthesized beam. The synthezised beam
is considered to be the best fit Gaussian to the primary beam of the interferometer.
Residual flux, after modeling all the point sources from the dirty image, is added to the
above reconstruction. We shall refer to the estimate of the sky image using clean by the
quantity MC(~θ) and would call it the CLEAN image.
The image based power spectrum is defined as
P
(I)
HI (
~U) = δ(~U − ~U ′)
〈
M˜C(~U)M˜
∗
C(~U
′)
〉
, (2.4)
where M˜C is the Fourier transform of the CLEAN image. As the power spectrum is
calculated from the image here, it is possible to select a particular region in the field of
view and estimate power spectrum of it.
A typical interferometer like GMRT2, VLA3, WSRT4, LOFAR5 etc samples the visi-
bility functions only at specific points in the baseline space. Any deconvolution procedure
that try to reduce the effect of the interferometer beam from the dirty image, requires
interpolation of the visibilities at the non sampled baselines and hence introduces spuri-
ous correlation among visibilities at different baselines. This, manifests as a correlated
noise NC(~U) in M˜C(~U), where
M˜C(~U) = M˜0(~U) +NC(~U). (2.5)
Hence, the image based estimator can be written as
P
(I)
HI (
~U) = PHI(~U) + PNC (
~U), (2.6)
PNC (
~U) is the power spectrum of the correlated noise. Though we expect that the
noise bias depends on the baseline coverage of the particular observation, an analytical
estimation of it is not straight forward. Interestingly, such a bias is grossly ignored in
literature where image based estimators are used (Zhang et al., 2012).
In this work, we perform a controlled test on the efficacy of the two estimators of
the power spectrum of the H i column density discussed above. We proceed as follows.
We generate a sky model that has a correlated column density fluctuation with a known
power spectrum. We perform simulated observation assuming a baseline distribution of
2 GMRT: Giant Meterwave Radio Telescope
3 Very Large Array
4 Westerburg Synthesis Radio Telescope
5 Low Frequency Radio Array
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the interferometer to get the observed visibilities. We use the IMAGE task in AIPS 6 that
uses the CLEAN algorithm to deconvolve the interferometer beam from the dirty map
and make an estimate of the sky image. We estimate P
(I)
HI (
~U) from this deconvolved
image and also estimate P
(V )
HI (
~U) directly using the simulated visibilities. We finally
compare these power spectrum estimates with the power spectrum of the input model
image.
2.2 Simulating H i observations from a spiral
galaxy
2.2.1 Sky Model
We model the moment zero map of the H i intensity (image) in the following way
M0(~θ) = W (~θ)
[
M¯0 + δM0(~θ)
]
, (2.7)
where W (~θ) quantifies the large scale H i distribution in the sky and is normalized as∫
W (~θ)d~θ = 1. (2.8)
In case of observations where the H i emission is spread over the entire field fo view of
the interferometer, the primary beam of the interferometer gives W (~θ). For observations
related to external galaxies, where mostly the galaxies are localized to a small part of the
field of view of the telescope, W (~θ) quantifies the large scale distribution of H i column
density in the galaxy. The quantity M¯0 is proportional to the total intensity coming
form the entire field of view and can be written as
M¯0 =
∫
M0(~θ)d~θ. (2.9)
The component δM0(~θ) gives the fluctuation in the H i column density. We assume it
to have a zero mean, i.e, 〈δM0(~θ)〉 = 0. We shall discuss how we model the window
function and the fluctuations shortly.
6 NRAO-AIPS: Astrophysics Image Processing System
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(a) (b)
Fig. 2.1: Fig (a) and Fig (b) shows the real and imaginary parts of the first few
two dimensional polar shapelet basis functions respectively.
Modeling window function
H i profile of spiral galaxy is dominated by a radial variation in H i column density.
However, azimuthal variations, like spiral arms, rings, are also seen. We model the
window function based on large scale structure of the face-on spiral galaxy NGC 628.
As we want to keep anisotropic large scale features of the H i distribution in the window
function, we use ‘shapelets’ here to represent it. We decompose the moment zero map of
NGC 628 taken from THINGS survey7 data product in terms of it’s shapelet coefficients
and use first few shapelets to model the window function. In interest of completeness
of this report, we first give a brief description of ‘shapelet’ here and then discuss the
criteria we use to choose the parameters of the shapelet reconstruction.
Shapelets are defined as a set of localized basis functions with different shapes (Re-
fregier, 2003), we use Gaussian weighted Hermite polynomials in polar coordinates here.
These forms a complete orthonormal basis for smooth, integrable functions and hence
any well behaved 2D functions can be decomposed into shapelets. Polar Hermite poly-
7 THINGS: The H i Nearby Galaxy Survey Walter et al. (2008)
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nomials can be written using recursion formulae,
l − k
x
Hk,l(x) = lHk,l−1(x)− kHk−1,l(x), for k 6= l (2.10)
Hk,k(x) = Hk+1,k−1(x)− x−1Hk,k−1(x) for k = l.
Shapelets are defined as,
Snl,nr(r, φ, η) =
√
pinl!nr! η
−1Hnl,nr(x/η)e
− x2
2η2 ei(nl−nr)φ. (2.11)
Here r is the radial and φ is the angular coordinate and η corresponds to the scale of the
shapelets. The first few order of polar shapelets are shown in the figure 2.1. Any well
behaved function f(r, θ) can be decomposed in terms of its shapelet coefficients fn,m as
f(r, φ) =
∞∑
n=0
n∑
m=−n
fn,mSn,m(r, φ, η). (2.12)
In order to model the window function using the moment zero map of the galaxy
NGC 628, we need to choose the scale of the shapelets, i.e, η. We do this in the following
way. Considering a given value of η, we construct the zeroth order shapelet (a Gaussian
function essentially) from the moment zero map of NGC 628 and estimate the mean
square difference between the moment zero map and this basic shapelet. We choose a
value of η which corresponds to the lowest mean square difference as estimated above.
Dutta et al. (2013) have used a visibility based power spectrum estimator to estimate
the H i intensity fluctuation power spectrum of the galaxy NGC 628 from THIGNS
observations. They found at baselines > 1 kλ, the power spectrum is well fitted by a
power law. At smaller baselines, the large scale structure of the galaxy, i.e, the window
function dominates. We found that for shapelet reconstructions with shapelets higher
than of order 12, the window function has an significant effect at baselines > 1 kλ.
Hence, the maximum value of the shapelet order that we use here is 12. Using these
parameters and the normalization criteria given in eqn. (12), we construct the model
window function. Figure 2.2 shows the moment zero map of the galaxy (a) NGC 628
and the model window function (b) constructed based on it.
Modeling the M¯0 and δM0(~θ)
It is to be noted that the absolute amplitudes of the quantities M¯0 and δM0(~θ) are not
of much interest apart from a scaling of the model image. The relative amplitudes of
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(a) (b)
Fig. 2.2: Fig(a) is moment zero map of the H i emission distribution of the
NGC 628 galaxy obtained from THINGS survey. Fig(b) is model of the
window function that we use for the simulation.
M¯0 and standard deviation of δM0(~θ), i.e, σδM0 , need to be fixed for the simulation.
We call this quantity R = M¯0/δM0(~θ). The random fluctuations, δM0(~θ), we model as
zero mean Gaussian random distribution with a power law power spectrum. Variance
of these fluctuations provides an amplitude to the power spectrum, we choose it to be
unity. We choose different values for the index of the power law spectrum α and R,
which will be discussed in next section.
2.2.2 Simulated observations
We use the model of the sky as discussed in the previous section to simulate radio
interferometric observations and generate random group visibility fits files. For this
purpose we need to choose a particular array configuration of the interferometer. We
model our telescope based on the GMRT array configuration with same telescope latitude
and the baselines scaled to half its original values 8. The largest baseline of our model
telescope is 60 kλ.
Dutta et al. (2013) has estimated the power spectra of 18 spiral galaxies from the
THINGS sample using a visibility based estimator. They found that the power spectra
8 GMRT original array configurations can be seen in
http://gmrt.ncra.tifr.res.in/gmrt hpage/Users/doc/GMRTspecs.pdf
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(a) (b)
Fig. 2.3: Fig (a) shows the power spectrum estimations. Fig (b) gives the cor-
relation between the baseline fraction with the ratio of the image and
visibility based power spectrum.
follow power laws at baselines larger than ∼ 1 kλ. The power law index α were found to
lie between −0.3 to −2.2. Moreover, 9 of the 18 galaxies have α in between −1.5 to −1.8.
We choose three sets of values of α for our model sky image : [−0.5,−1.5,−2.0]. Dutta
and Bharadwaj (2013) found that the ratio of the fluctuating to the mean component
varies between 5 to 10 for the six galaxies they have analysed. We consider two values of
R here: [5, 10]. We generate model sky images based on these parameters in a square grid
of 10242 with each grid element representing a 1.5
′′ × 1.5′′ patch in the sky. We choose
the declination of the source to be +54◦ for our simulation. Using these parameters we
perform 8 hours equivalent of simulated observation of the model sky. We do not include
any measurement noise in the simulated observation.
We use the AIPS task IMAGR to prepare the dirty image as well as a deconvolved
estimate of the model sky. We use visibility and the image based power spectrum
estimators with the simulated visibilities and the dirty as well as CLEAN image of
the model sky respectively to estimate the power spectra. We also estimate the power
spectra of the model sky directly from the sky model and use that as reference.
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2.3 Analysis of the simulated data
In this section we shall compare the power spectrum estimated by the different methods.
To keep things simpler, we describe the outcome for only one set of simulation in the
main text with α = −1.5 and R = 5. All the conclusions drawn in this section can
be carried forward for the rest of the models. The power spectrum plots are shown in
Figure 2.6 at the end of this chapter.
2.3.1 Power spectrum
Figure 2.3(a) summarizes the power spectrum analysis we do here, where we plot the
azimuthal averaged power spectra in a log-log scale as a function of baseline U . The
black solid line refer to the power spectrum of the model sky and can be considered
as a reference. It is clear that at baselines smaller than 1 kλ the window function
dominates, whereas at larger baselines the power spectrum assume a power law with
α = −1.5, same that of the model image. The open circles corresponds to the power
spectrum estimated from the visibility based estimator. Clearly, it almost reproduces the
reference spectrum. This demonstrates the efficacy of the visibility based power spectrum
estimator to accurately reproduce the actual intensity fluctuation power spectrum of the
sky.
The dashed line and the dot-dashed line represent the power spectra calculated using
the image based estimator from the dirty image and the CLEAN image respectively.
Clearly, at baselines > 1 kλ they deviates from the reference spectra. At these baselines,
they appear to follow a power law spectra with a steeper slope compared to the reference
spectra. Note that, the extra steepening of these power spectra at baselines ∼ 20 kλ
and higher is an effect of the convolution of the effective synthesised beam at the last
stage of CLEAN. The baselines > 20 kλ do not carry information about the sky.
It is clear from above discussion that the image based estimator fail to reproduce
the reference power spectrum. In fact, if we blindly use the image based estimator, we
shall infer a higher index for the power law.
2.3.2 UV coverage and the power spectra
In figure 2.3(a), we see a trend that the ratio of the image and visibility based power
spectra deviates more with the increase of the baseline value. Here we investigate the
possible reason for this. As mentioned in section 2, we expect the image based power
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spectrum to have correlated noise bias because of incomplete baseline coverage. To
emphasis, while estimating the image from the observed discretely sampled visibility
values, the deconvolution procedure involves interpolations of the visibility at the base-
lines where the visibility is not sampled. The required amount of interpolation depend
on the array configuration and source declination. Hence, we would expect, in case of
an array with complete sampling, the noise bias discussed above will be absent. For
example, when we estimate the power spectra from the model image, we perform a Fast
Fourier Transform and get the visibilities in a grid. This is an example of complete
sampling and hence we do see that the model image has the exact power law power
index as it is modeled on. Naively, one would expect that the lack of baseline cover-
age would then correlate with the difference in the power spectra estimated from the
image and from the visibility. As at the large baselines the power spectra amplitude
decreases following a power law, additive difference in the two power spectra would be
less at larger baselines. A better quantifier of their true difference would be the ratio of
the two spectra which we use here. We quantify the baseline coverage by the quantity
baseline-fraction Fb defined as
Fb(U) =
∫ ~U+∆~U
~U
S(~U)d~U∫ ~Umax
0 S(
~U)d~U
AU
Nb
, (2.13)
where AU is the total area of the baseline plane. We plot baseline fraction against the
ratio of the power spectrum for the baseline range 1 − 20 kλ in figure 2.3(b). It is
clear that at the lower values of Fb, the deviation of the two power spectra is more. To
quantify any correlation between the ratio of the power spectra with Fb, we estimate
the Pearson linear correlation coefficient, which came out to be −0.98 suggesting a very
strong (anti) correlation.
We come to two important conclusions here. Firstly, the visibility based power spec-
trum estimator accurately reproduces the power spectrum of the true sky fluctuations
and can be used without any ambiguity. The image based estimator, for the observations
with incomplete baseline coverage, deviates significantly from the true spectrum and has
a scale dependence bias. Use of the image based power spectrum without any definitive
test would result in a biased quantification of the sky fluctuations. Secondly, we observe
that the incomplete baseline has significant effect on the image based power spectrum
estimator. In fact, the lack of baseline coverage correlates highly with the deviation
of the image based power spectrum from the true value. This suggest clearly that the
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(a) (b)
Fig. 2.4: Figures showing the scatter plot of the power law slope for the THINGS
galaxies estimated with image and visibility based methods with natural
weighted [Fig (a)] and robust weighted [Fig (b)] images.
array configuration of the interferometer has a big role to play for an image based power
spectrum to be effective.
We mention at the end that though the results presented here is based on one set of
simulation with [α = −1.5,R = 5., the same conclusions can be drawn from the other
sets. We request the interested reader to have a look at Appendix-II for details.
2.4 Power spectrum of THINGS images
Dutta et al. (2013) has estimated the power spectrum of the H i intensity fluctuation
of 18 spiral galaxies from THINGS sample using a visibility based estimator. They
found that over a range of length scales the power spectra are well fit by power laws.
As we have found from our controlled test using simulation, that the visibility based
estimator reproduce the intensity fluctuation power spectra almost exactly, we shall use
the estimates reported by Dutta et al (2013) as proxy for the true H i power spectra of
these galaxies. We use the image based estimator described in section (3.2) to estimate
the power spectra of the same galaxies. We find that for a range of length scales, for each
of the galaxies, the power spectra follow power laws. We perform a regression analysis
on the image estimated power spectra to find the slope of these power laws. Note
that the highest baseline that a visibility based power spectrum estimator is limited
to depends on the measurement noise in visibilities, whereas ignoring the noise bias,
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(a) (b)
Fig. 2.5: Figures showing the scatter plot of the geometric mean of the range of
baselines for the power law fit with image and visibility based methods
with natural weighted [Fig (a)] and robust weighted [Fig (b)] images.
the highest baseline that an image based power spectra probe is given by the inverse
of the interferometer beam. The visibility data used by Dutta et al (2013) lack the
measurement at the zero baseline. However, in addition to the visibilities, the total H i
flux of the galaxy estimated from single dish observations are also used to construct
the moment zero maps in the THINGS data product. As this changes the power at the
smaller length scales, the window function dominance in the power spectrum may extend
to different baselines for the image and visibility based cases. Hence, we do not restrict
ourself to choose the same range of baselines as in the visibility based case to find the
power law fit for the image based case. We rather choose the best possible extent in
the baseline to fit power laws to the image based power spectra. The power law slope,
errors, the geometric mean of the range of baselines (U (G) =
√
UminUmax) they are fit
to for each galaxies are listed in table (1) for both visibility and image based estimators.
Note that, we represent the best fit power law index from the visibility based power
law estimator as αV whereas the best fit power law index estimated from the image
based estimator is termed as αI . Further, THINGS data products provide both robust
weighted (RO) and natural weighted (NA) moment zero maps. We perform the analysis
described in this section for both these maps.
We plot the values of αv and αI along with the error bars in figure 2.4. Left panel (a)
corresponds to the robust weighted while the right panel (b) corresponds to the natural
weighted map. The dashed line in each case gives αv = αI . As it is clear for majority
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Visibility based Natural weighted Robust weighted
Galaxy αV U
(G)
V α
(NA)
I U
(G)
I α
(RO)
I U
(G)
I
NGC628 -1.6±0.1 3.2 -2.4±0.2 4.0 -2.3±0.1 4.5
NGC925 -1.0±0.2 3.2 -2.3±0.1 5.5 -2.4±0.3 4.4
NGC2403 -1.1±0.1 2.2 -2.8±0.1 6.3 -2.2±0.2 3.7
NGC2903 -1.5±0.2 2.5 -3.1±0.1 4.9 -2.4±0.2 3.7
NGC3184 -1.3±0.2 2.2 -1.3±0.4 4.9 -1.8±0.4 4.2
NGC3198 -0.4±0.3 4.0 -2.2±0.2 5.5 -1.8±0.3 5.9
NGC3621 -0.8±0.2 3.5 -2.4±0.3 5.2 -2.0±0.1 4.9
NGC4736 -0.3±0.2 2.4 -2.7±0.1 4.0 -2.4±0.3 4.5
NGC5194 -1.7±0.2 2.8 -2.6±0.3 4.9 -2.1±0.2 2.8
NGC5236 -1.9±0.2 1.9 -2.6±0.1 3.1 -2.0±0.1 2.4
NGC5457 -2.2±0.1 2.7 -2.5±0.1 3.5 -2.3±0.1 5.6
NGC6946 -1.6±0.1 3.9 -2.0±0.1 6.3 -1.6±0.2 3.9
NGC7793 -1.7±0.2 1.9 -1.7±0.2 4.2 -2.0±0.1 2.0
NGC2841 -1.7±0.2 3.2 -2.9±0.2 3.2 -1.8±0.2 5.9
NGC3031 -0.7±0.1 4.5 -0.8±0.2 4.5 -0.7±0.1 4.5
NGC3521 -1.8±0.1 4.1 -3.4±0.1 7.1 -2.6±0.1 5.7
NGC5055 -1.6±0.1 3.2 -2.5±0.1 5.5 -2.2±0.1 3.2
Tab. 2.1: Table giving the best fit power law index and the geometric mean of
the range of baselines for the fit to the power spectra estimated from
the visibility based and image based estimators. Image based power
spectra are estimated from both natural and robust weighted images.
The baselines are in units of kλ.
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of the galaxies we have studied here, the data points lie away from the equality line for
both cases of natural and robust weighted maps. In fact, the image based estimator
systematically produce a steeper spectra. This is exactly the same trend we have seen
from the simulated observation. Though for three galaxies from the natural weighted
image and five from the robust weighted image have αI ∼ αV , on an average the two
estimator gives statistically different results. Both the Pearson and Spearman correlation
coefficients are also indicative of the lack of correlation between the two estimates of α.
To check if we are not using completely different range of baselines to perform the
power law fit for visibility and image based estimators, we also do a comparison plot
of the geometric mean of the maximum and minimum baseline values of the two fits
in figure 2.5. Note that, for the reasons discussed before, we do not expect the range
of baselines the fits are performed in two different cases would be exactly same. The
solid black line corresponds to a complete match. A typical range of baselines for which
the power law fit is performed using the visibility based estimator is ∼ 1 − 10 kλ. The
dashed line corresponds to y = x +
√
10. We see most of the galaxies lie within these
two lines ensuring that we do perform the power law fit in similar range of baselines.
2.5 Invariance in mean quantity
Power spectrum is a second order statistical measure of the data. Various first order
measures, for example local mean of the reconstructed images are of scientific inter-
est. Azimuthally averaged window function is often used to access the radial variation
of the H i column density of the galaxy and compare it with stellar population, star
formation rate etc. Unlike the power spectrum, we can not have a direct estimate of
the window function from the observed visibilities, image reconstruction is necessary.
We estimate azimuthally averaged window function from CLEANed images from the
simulated visibilities. This is shown with the discrete circles in figure 2.6. The black
solid line corresponds to the azimuthally averaged window function of the model galaxy.
Clearly, the window function estimated from the power spectrum almost exactly follow
the window function of the model. This demonstrates that the mean quantities can
be estimated by reconstructed images from the visibility as the mean of the residual
deconvolution noise is practically small.
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Fig. 2.6: Azimuthally averaged window function of the model galaxy (black solid
line) and the reconstructed CLEANed image from simulation (black
circles) are shown.
2.6 Discussion and Conclusion
In this chapter we perform controlled tests, using simulated sky observations, that quan-
tify the reliability of the sky brightness fluctuation power spectrum estimators. We see
that the visibility based method reproduce the reference power spectrum from the input
image. The image based estimator, however, is seen to have noise bias and the estimated
power spectrum does not reproduce the reference spectra in any of the simulations. We
expected that the power spectrum of the dirty image would have a noise bias arising
due to the mixing of scales by the interferometer beam. It is seen that even for the
deconvolved image, obtained using CLEAN with sufficiently low gain, the image based
power spectra has sufficiently high noise bias.
We understand the mismatch between the image and visibility based power spectra
in the following way. Interferometers sample the visibility function at discrete points in
the baseline space. As the visibilities can be approximated as Fourier transform of the
sky image, each measure of visibilities contains information of the entire observed field of
view. In the case when the observed sky contain only a single point source, in principle,
measuring the visibility at a single point in the baseline space would recover all the
information of the source. Hence, in such a special case the sky image can be accurately
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reconstructed from the observed visibilities. As the number of point sources increase
in the sky, it become more and more non trivial to infer the sky image from the direct
Fourier transform of the discretely sampled visibilities, the dirty beam. Reconstruction
of the sky image requires to estimate comparatively rage number of parameters from
the visibilities that represent the sky and a deconvolution of the complicated dirty beam
becomes necessary. Strictly speaking, for a sufficiently complicated sky image, with
incomplete baseline coverage, it is not possible to accurately reconstruct the sky. One
well used procedure is CLEAN, which essentially assume the sky to be a collection of
point source and try to estimate the position and the amplitude of these sources. It
starts with identifying the brightest point source(s). However, as in the dirty image
each of the point sources are scaled in amplitude and shifted by the side lobes of the
other sources, such an estimation is always errors. Such an error is more apparent, when
there are two sources very near to each other. To address this limitation, one use a
loss factor ( usually called gain ). An extreme example is an extended structure, which
CLEAN consider as many point sources next to each other. In such a case, using a
sufficiently low loss factor also does not seem to reproduce the sky fairly accurately. An
errors reproduction of the sky and hence fluctuations in the sky image, in tern gives an
errors power spectrum.
In order to estimate the power spectra, however, one do not need to know all the
properties of the sky. Power spectra gives a statistical description of the sky and is
assumed to be a smooth function. Hence, it need to be sampled at a relatively larger
baseline values. Moreover, here we are estimating the isotropic power spectra. In fact,
in the absence of the window function the power spectra can be modeled by a few pa-
rameters only. This makes the visibility based power spectrum estimator practically
accurate. For any given baseline coverage, the visibility based estimator estimates the
power spectra at the baselines where it is measured. Hence, though it spans only a
subspace of the power spectrum function, at the given subspace the measurements are
accurate. This is essentially reflected in our test. Hence, it is fair statement that the
visibility based estimator estimates the power spectrum of the sky brightness fluctua-
tions irrespective of the details of the baseline coverage. For an image based estimator
the estimated power spectrum depend on the baseline coverage and the details of the
deconvolution algorithms used to reproduce the image.
In our simulations we have not included any measurement noise to the visibilities
( as well as any uncalibrated gain variations, which also behave as noise ). Inclusion
of measurement noise would give rise to an additional correlated noise problem as dis-
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cussed in Dutta (2013). However, these effects would depend on signal to noise of the
measurement and can be made small enough (in principle) by increasing the integration
time of observations.
Here we also estimate the power spectra of the THINGS galaxies using the image
based estimator starting from the CLEANed images form the THINGS data product.
Considering the visibility based power spectra as reference we see that statistically the
imaged based power spectra of THINGS also have significant noise bias, particularly,
the bias systematically makes the power spectra more steeper. In a few cases the image
based spectra seem to agree with the reference spectra, however, it is clear from this
investigation that image based power spectra should not be used without any character-
ization of the bias caused by the deconvolution noise.
Finally we note that though we use intensity of the H i emission from nearby galaxies
as models of the sky image, the limitations of he image based power spectra discussed
here would be as relevant for any extended structure. We make a strong statement here
that the results discussed in this work amounts in to rethink about the use of the image
based power spectrum in literature to infer various astrophysical phenomena. However,
estimator of the the mean quantities, like the azimuthally averaged window function
from the reconstructed image are unbiased and can be used directly.
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3. VISIBILITY MOMENT AND THE
POWER SPECTRUM OF TURBULENT
VELOCITY
In addition to the column density distribution, observing spectral lines we can also
estimate the dynamical informations of the H i gas in the galaxy. This is because the
observed spectral lines are Doppler shifted proportional to the line of sight velocities of
the gas in the galaxy. However, we should note here that because velocity is a vector,
unlike the column density, velocity correlation is given in terms of a matrix of dimension
3 × 3, where each element measures the correlations of one component of the velocity
with other. Since observationally we can only probe the line of sight component of the
velocity, we can estimate only one component of the velocity correlation matrix, that is
line of sight to itself.
Unlike the power spectrum of the column density, estimating velocity power spec-
trum from the radio interferometric observations is not straight forward. One way is
to reconstruct the sky brightness distribution at different frequencies and use that with
various techniques like the Velocity Channel Analysis (VCA), the Velocity Coordinate
Spectrum (VCS), the statistics of centroid of velocities to estimate the parameters of
the velocity power spectrum. These methods were originally developed to measure the
velocity power spectrum at relatively smaller scales (∼ 1− 100 pc), where mostly single
dish observations were used.1 An inherent limitation of the reconstructed image from
the interferometric data is discussed and investigated in detail in chapter 2, where we
clearly demonstrate that the power spectra calculated from the reconstructed image are
biased. Moreover, Dutta (2015) has demonstrated that the VCS techniques have limi-
tations when applied to external spiral galaxies. Dutta (2016) has introduced a velocity
based estimator for the turbulent velocity fluctuations. In this chapter we discuss this
estimator, its implementation and application to a spiral galaxy NGC 6946.
1 It is possible to use visibilities directly for VCA.
3. Visibility moment and the power spectrum of turbulent velocity 28
3.1 Visibility moment estimator
2 For 21-cm observation of external spiral galaxies with existing radio telescopes like
VLA,3 GMRT,4 the observed quantity is the visibility V(~U, v), the Fourier transform of
the sky brightness distribution:
V(~U, v) =
∫
d~θ ei2pi
~U.~θI(~θ, v) (3.1)
We define the zeroth moment of the visibilty as,
V0(~U) =
∫
dv V(~U, v) (3.2)
Using equation 1.5 and 1.7, we clearly see
V0(~U) = M˜0(~U), (3.3)
where˜denotes Fourier transform. Similarly, we define the first moment of visibility as
V1(~U) =
∫
dv v V(~U, v) (3.4)
Here the velocity integrals are over the entire spectral range of H i emision. Using
equation 3.4 and 1.5, we have
V1(~U) =
∫
dθ ei2pi
~U.~θ I0
∫
dz nHI(~r)vz(~r) (3.5)
where vz(~r), line of sight velocity, has two components: (a) v
Ω
z (~r), the line of sight
component of the systematic rotation velocity of the galaxy and vTz (~r), the line of sight
component of the random motion because of turbulence. For almost face on spiral galax-
ies with small inclination angle, systematic rotation can be assumed to be independent
of z and thus we can write
vz(~r) = v
T
z (~r) + v
Ω
z (
~θ) (3.6)
2 The calculations presented in this section are reproduced from Dutta et al. (2016)
3 Very Large Array, New Mexcico
4 Giant Meterwave Radio Telescope, Pune
3. Visibility moment and the power spectrum of turbulent velocity 29
Hence we get,
V1(~U) =
∫
dθ ei2pi
~U.~θ M0(~θ)v
Ω
z (
~θ) +
∫
dθ ei2pi
~U.~θ I0
∫
dz nH1(~r)v
T
z (~r)
= V0(~U)⊗ v˜Ωz (~U) + χ˜(~U), (3.7)
where
χ(~θ) = I0
∫
dz nH1(~r)v
T
z (~r) (3.8)
which contains information about both column density and turbulent velocity.
Under the assumption that the random turbulent velocity and systematic rotational
velocity of the galaxy are uncorrelated, the quantity Pχ(~U) =
〈
|χ˜(~U)|2
〉
is given by
Pχ(~U) =
〈
|V1(~U)|2 − C˜(~U)
〉
(3.9)
with
C˜(~U) = P0(~U)⊗ |vΩz (~U)|2 (3.10)
Here P0(~U) is the column density power spectrum of the galaxy. The angular bracket
denotes average over statistical ensembles. In practice, we are always provided with a
single sky realization. While calculating the column density power spectrum in chapter 2,
we have bypassed this problem by performing an azimuthal average with the assumption
of statistical homogeneity and isotropy. At the present case, neither V1(~U) nor C˜(~U)
are statistically anisotropic, and individual azimuthal averages to calculate them does
not work. However, the complete right hand side (RHS) of above equation (without the
angular bracket) is statistically isotropic. Hence, the ensemble average in the RHS of
above equation can be replaced with an annular average when the average is done over
the entire RHS expression.
Here, |V1(~U)|2 and P0(~U) can be estimated directly from measured visibilities. Eval-
uation of the quantity C˜(~U) requires estimation of the line of sight component of the
systematic rotational velocity of the galaxy. We shall discuss how this is performed in
detail shortly. The quantity Pχ(~U) has information on both power spectrum of column
density and turbulent velocity. In case of the spiral galaxies with thin disk, for power
spectrum estimated at very larger scales compared to the scale height of the galaxy
Pχ(~U) = P0(~U)⊗ P Tv (~U) (3.11)
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The power spectrum of the column density P0(~U) can be estimated through the visi-
bility moment zero. Estimating the power spectrum of the turbulent velocity P Tv (
~U) =〈|v˜Tz (U)|2〉 then reduces to a problem of either model dependent regression analysis or
direct deconvolution. We shall discuss implementation of this estimator in the next
section.
3.2 Implementation of the visibility moment
estimator
In this section we describe in detail how the visibility moment estimator for Pχ(~U) is
implemented. First we measure the quantity vΩz (
~θ) using shapelet reconstruction from
the moment 1 map of the reconstructed specific intensity distribution. We use this to
estimate C˜(~U) and then Pχ(~U). Finally we perform a parametric estimate of P
T
v (~U).
3.2.1 The systematic rotation velocity
We use the natural weighted moment one maps generated from the reconstructed specific
intensities of the galaxy to estimate vΩz (
~θ). Using the definition of the moment one map
and eqn. (3.6), we get for a thin disk galaxy with low inclination angle,
M1(~θ) =
∫
dz I0nH1(~r)
[
vTz (~r) + v
Ω
z (
~θ)
]
M0(~θ)
(3.12)
= vΩz (
~θ) +
χ(~θ)
M0(~θ)
.
If we assume the density and velocity induced by turbulence is statistically homogeneous
and isotropic and the moment zero map of the galaxy is azimuthally symmetric at large
scales, average of the second term in the above expression is zero. Hence,
〈M1(~θ)〉 = vΩz (~θ).
The above average is in principle over an ensemble. Owing to the fact that we have
only one sample of the sky, we need to choose an alternate averaging procedure. As the
line of sight component of the rotational velocity vary at large scales compared to the
scales where the turbulence is effective, we may choose to perform a local average of
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the moment one map. Here we need to determine the choise of the averaging scale and
the averaging kernel. An obvious choice is a Gaussian kernel with a length scale that is
larger than the scales we would like to measure the velocity power spectrum, but smaller
than the scales at which the rotational velocity may vary. However, a Gaussian kernel is
azimuthally symmetric, while the rotational velocity at least have a dipole asymmetry.
It would be good to rather perform a shapelet construction of the moment one map and
choose the scale and order of the shapelet such that criteria for the averaging scale is
satisfied.
3.2.2 Construction of C˜(~U)
Line of sight component of the rotation velocity is a smooth function of the sky angular
coordinates ~θ. We have discussed the method of estimating this in the previous section,
where we get it in a grid in the ~θ space. Hence the quantity | v˜Ωz (~U) |2 can be calculated
by finding the modulus square of the discrete Fourier transform of vΩz (
~θ). We perform
the convolution of P0(U) and | v˜Ωz (~θ) |2 by multiplying their inverse Fourier transforms
in a grid in the ~θ plane and applying the convolution theorem.
3.2.3 Estimation of Pχ(~U)
In order to find Pχ, we need to find |V1(~U)|2 and C˜(~U). It is straight forward to estimate
V1(~U) from measured visibility V(~U, v) through its definition. However, as the measured
visibilities are not in uniform grids in the baseline space, the values of V1(~U) are also
not in grid. It is important to note here that the recorded visibilities (and hence also
V1(~U)), contain sky signal and noise parts:
V1(~U) = S1(~U) +N (3.13)
In the interferometric observations, the individual measurements of V1(~U) often does not
have signal to noise higher than one. Hence, if we directly calculate | V1(~U) |2, it will
be biased by the standard deviation of the noise. Dutta et al. (2009) has discussed how
correlating the visibilities at nearby baselines reduces the noise bias. Here we consider an
alternate approach. Since the quantity C˜(~U) is calculated in grids, we estimate | V1(~U) |2
in grids by the following procedure. We calculate the gridded values of V1, i.e, V1(~Ug)
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as,
V1(~Ug) =
Ng∑
i=1
V1( ~Ui) (3.14)
where Ng is the number of measured values in a particular grid ~Ug. Similarly we define
S1(~Ug) =
Ng∑
i=1
| V1( ~Ui) |2 . (3.15)
The measurement noise N is uncorrelated across different baselines. In this case, the
following combination of V1(~Ug) and S1(~Ug) gives an unbiased estimates of | V1 |2 at the
grid points ~Ug, which we denote as | V1 |2 (~Ug),
|V1|2(~Ug) =
[
(V1(~Ug)
2 − S1(~Ug)
]
NgC2
(3.16)
where |V G1 (~U)|2 are estimated in grids. Since C˜(~U) is a smooth function of ~U and are
already estimated in a grid in ~U , we can interpolate it to the baselines ~Ug . Finally, we
use annular average over bins of ~U to find Pχ(U).
3.2.4 Parametric deconvolution of the velocity power
spectrum
As mentioned in the beginning, Pχ(U) has information on both power spectrum of
column density and turbulent velocity. We have been considering the particular case of
spiral galaxies with thin disk, where
Pχ(~U) = P0(~U)⊗ P Tv (~U).
Method to estimate the quantities Pχ(~U) and Pχ(~U) have been discussed already. Hence
estimating the power spectrum is to perform a two dimensional deconvolution. Though
a direct deconvolution may be possible, we prefer to perform a parametric estimate here.
Since the power spectrum of the turbulent velocity is expected to be a power law, we
assume a two parameter model for P Tv (
~U), given by
P TM (~U) = Av U
β. (3.17)
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We estimate the two parameters of P Tv (~U) by regression analysis. However, we do
not follow the most common chi-square minimization of the parameters here. Usual
chi-square method assume that the models are exact (that is does not have associated
error) and weight the residual by the error in the measurements. Here, since part of
the model (P0(~U)) is estimated from the data, the model values also have uncertainties.
We perform a monte-carlo based regression analysis, where we use several realizations
of the model and the measured values and estimate the best fit parameters for each of
these realizations. The statistics of the best fit values over the realizations are used then
to access the parameters and their errors. For each set of values of the parameters we
calculate
PMχ (~U) = P0(~U)⊗ P TM (~U) (3.18)
at the same grid as that of Pχ(~U) and compare it with the measured value of Pχ(~U) by
estimating
∆(A, β) =
(
PMχ (
~UG)− Pχ(~UG)
)2
N2G
(3.19)
where NG is the number of grid points. We minimize the ∆ with respect to A and β
and find the best fit value. For those best fitted parametric values, we can find P Tv (~U).
3.2.5 Monte-carlo error analysis
In the previous sections we have described the steps to estimate the velocity fluctuation
power spectrum from the radio interferometric observations. Any observational estimates
need to be supplemented by the statistical error associated with it. To estimate the errors
first note the errors in the directly measured quantities. In this case the measurement
errors are associated with the errors in measuring the velocity and the visibilities. For
the relatively straight forward statistical estimators, it is possible to find the errors in
the estimated quantities by propagating the errors analytically from the measurements.
However, for the visibility moment estimator we described above, analytical estimation
is complicated. In such a case we may do repeated observation of same sky. This is
impractical given the limited observational time available at the telescope facilities.
A solution to this problem is to produce synthetic observations that preserves the
statistics of the measurements. For example, as the visibilities are known to have Gaus-
sian random noise associated with their measurements, we use the mean and the standard
deviation of the measured visibilities to generate different statistical realizations. Con-
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sidering each of these realizations as an individual measurement, we can use the visibility
moment estimator to get the parameters of the line of sight velocity fluctuation power
spectrum. This gives us the probability distribution of the estimated quantities, their
mean and standard deviation. The mean of the estimator hence calculated is taken to
be the best estimate and the standard deviation is taken to be the error associated with
it. This method of estimating the error is often termed as the monte-carlo estimation of
the errors.
Here we use a mixture of monte-carlo and analytical error-propagation methods to
get to the errors in measured parameters of the velocity power spectrum. In the previous
chapter we have described the visibility based estimator for the column density power
spectrum P0(~U). The visibility based estimator also provides us with error estimates
on the annular bins in baselines where the power spectra are measured. We assume a
Gaussian distribution to generate different realizations of the P0(~U), that is
PR0 (U) = P0(U) + σP0(U)× nˆ, (3.20)
where σP0(U) is the 1 σ error is estimating P0(U) and nˆ is a random number drawn
from a normal distribution (Gaussian distribution with unit standard deviation and
zero mean). The superscript R stand for a particular realization.
The typical errors in the measured velocities arise from the width of the frequency
channels of the observation. For the THINGS galaxies it is about 5 km sec−1. We use
the moment one map to estimate the line of sight component of the rotational velocities
vΩ(~θ). The moment one maps are generated using the reconstructed images from the
visibilities, their local average provides us unbiased estimate of vΩ(~θ) (section 2.2.1 and
chapter 2). We use these estimates of vΩ(~θ) and assume a Gaussian error of standard
deviation of 5 km sec−1 to generate different realization of the vΩ(~θ). These realizations
combined with the different realizations of P0(U) discussed above are used to generate
different realizations of C˜(~U). We calculate the mean and standard deviations of these
estimates and use them for further analysis. We estimate the errors in the estimates of
| V1(~U) |2 using similar analytical steps as that we use for P0(U). The final estimates
of the errors in Pχ(~U) is done by doing analytical error propagation from the errors in
C˜(~U) and | V1(~U) |2.
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3.3 Data identification for application of the
visibility moment estimator
The visibility moment estimator for the power spectrum of the line of sight turbulent
velocity of the external galaxies can be applied to the external spiral galaxies with low
inclination angle. As the inclination angle increases the assumption that the rotation
velocity is independent of the line of sight direction fails and the uncertainty in the
estimates of the velocity power spectrum increases. Dutta (2016) have validated the
estimator by using noise free simulated data. They showed that for low inclination angles,
i < 40o, this estimator does a better job with less uncertanity. In their simulation they
have chosen a simple model for line of sight velocity component with constant inclination
angle, such that they avoid the uncertanity in the rotation curve estimation. In reality
however, the galaxy’s disk are not exactly flat, both inclination and position angle varies
with radial distance. This can induce significant uncertanitity in the estimation of
rotation curve, for considerably lower inclination angle (< 15o). Hence we prefer to
choose the inclination angle to lies in between ∼ 20o to ∼ 35o. We also would like to
avoid too much warp in the galaxy’s disk, that is large variation in the inclination and
position angles. The other important criteria to choose a galaxy is that it must have
thin disk, adequate resolution in both angular and frequency axis.
We use radio interferometric data product from the THINGS 5 survey, where they
have observed 23 spiral galaxies. We choose the galaxy NGC 6946 which satisfy the
above criteria. It has an inclination angle of 33o. The scale length of the galaxy is
∼ 20 kpc whereas the upper limit of the scale height (Dutta et al., 2013) is 300 pc.
The angular resolution corresponds to the data is about 75 pc, where as the velocity
resolution is 5 km sec −1. In our analysis we would need both the visibility data from H i
emission and the moment one maps of the reconstructed specific intensity distribution.
Along with H1 21 cm line emision, the direct observed visibilities originally also have
continuum emission (mainly synchrotron emission). We have modelled the continuum
emission from the line free frequency channels. This has been removed by UVSUB task
in AIPS. We use the continuum subtracted visibilities for further analysis. THINGS H i
survey also provide moment maps of H1 emision for different external galaxies, generated
by multi scale cleaning of the visibility data. Fig 3.1 shows the moment zero and moment
one map of NGC 6946 galaxy. We have used this moment one map for estimation of
5 THINGS: The H i Nearby Galaxy Survey (Walter et al. 2008)
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(a) (b)
Fig. 3.1: Fig (a) is the moment zero map of NGC6946 and Fig (b) is the moment
one map of the same.
C˜(~U).
3.4 Velocity power spectrum of NGC 6946
In this section, we discuss about the results of the implementation of the visibility
moment estimator on NGC 6946 galaxy. Following sections discuss about each step in
detail and results obtained.
3.4.1 Shapelet construction of vΩz (
~θ)
We estimate, the line of sight component of rotational velocity vΩz (
~θ) using shapelet
decomposition. In chapter 2, we have performed shapelet construction of the window
function. We grossly follow the same procedure here with appropriate choice of the
shapelet scale η and the highest shapelet order nmax. Both these parameters are nec-
essary to identify the large scale component in the moment one map that corresponds
to the line of sight component to the rotation velocity. Later has contribution from
tangential rotational velocity, inclination angle and position angle of the galaxy. Using
the reconstructed H i image data cube, de Blok et al. (2008) have estimated the rota-
tion curve, position angle and inclination angle as a function of galactocentric radius.
These are shown in figure 3.2. We estimate the 1D power spectrum of each of these
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(a) (b)
Fig. 3.2: Fig (a) is the rotation curve of NGC 6946 and Fig (b) is the plot show-
ing position angle and inclination angle as a function of galacto-centric
radius. The position angle is offset by 200o to show then in the same
plot. Note that the inclination angle vary almost as a linear function of
the galactocentric radius
three components to identify the large scale fluctuations of these curves. These power
spectrums, normalized to the standard deviation of corresponding curve are shown in
figure 3.5. Clearly, the power spectra has considerably more power at the larger scales.
We considered the angular scale where the all three power spectra goes below 1% of
peak value, as the scale for the shapelet construction. In this case, this happens at an
angular scale of 157 arcsec, which corresponds to 7.5 kpc in the galaxy’s disk. It is
important to note that the estimates of the velocity power spectra we do here would
be limited to 7.5 kpc at the larger scale side. Next we do shapelet decomposition of
moment one map of the galaxy with different nmax. For sufficiently large value of nmax,
the shapelet construction would peak up the small scale fluctuations. We identify the
highest value of nmax for which in the reconstructed map fluctuations at scales smaller
than η are absent. In our case, nmax = 8 came out to be this optimal value and we use
it for further analysis.
We generate 128 realizations of moment one map and use the above parameters
to estimate vΩz (
~θ). We calculate the mean and standard deviation of these maps. We
use the column density power spectrum as given in Dutta et al. (2013) and the above
realizations of the maps to generate 128 realizations of C(~θ) and the maps corresponding
to the mean and standard deviation of these maps. Figure 3.4 (a) show the signal to
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Fig. 3.3: One dimensional power spectrum of the tangential rotational velocity,
inclination angle and position angle as a function of the inverse angular
scale.
(a) (b)
Fig. 3.4: Fig (a) show the SNR plot of the Pχ(~U) and Fig (b) highlights (black)
the regions with SNR < 5.
noise ratio (snr) of C(~θ), where Figure 3.4 (b) shows in black the pixels in the snr map
with snr<5. Clearly, most of the map has signal to noise more than 5 suggesting that
the estimated C(~θ) is statistically significant.
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Fig. 3.5: Estimated (solid black) Pχ(~U) of NGC 6946 galaxy and best fit model
PMχ (~U) (dashed black) for a power law model of velocity power spec-
trum.
3.4.2 Estimation of velocity power spectrum for
NGC 6946
We estimate |V1(~U)|2 in a uniform grid in u-v plane from measured visibility data fol-
lowing the procedure discussed in section 3.2.3. Fourier transform of C(~θ) are estimated
on the same u-v grids and subtracted from the |V1(~U)|2 values. The resultant quantity
is expected to be statistically homogeneous and isotropic. We estimate the Pχ(~U), by
doing annular average over these for the 128 realizations. The mean and standard de-
viation of the measured Pχ(~U) of these realizations is plotted in Figure 3.5 with solid
black line.
The estimated Pχ(~U) can be used for the measurement of velocity power spectrum.
For thin disk galaxy, Pχ(~U) is a two dimensional convolution of the column density map
with the power spectrum of the line of sight component of the turbulent velocity. As
mentioned before, we use a two parameter model for the visibility power spectrum and
try to find the best fit values of the parameters. An obvious choice for the functional
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form of the velocity power spectrum is a power law,
P TM (
~U) = Av U
β
For each realization of Pχ(~U), we estimate the best fit parameter values for A and β
and calculate the mean and standard deviation over the realizations. Dashed line in
the Figure 3.5 shows the mean value of best fit model PMχ (~U). The best fit value for
parameter, in the units of the power spectrum we use are: Av = (270.± 30.)× 106 [km
sec−1]2 and β = −3.1± 0.4.
3.5 Discussion and Conclusion
We adopt a distance to the galaxy NGC 6946 to be 5.5 Mpc (Walter et al. 2008). Dutta et
al. (2013) have estimated the column density power spectrum of this galaxy, where they
found that for baselines less than 1.5 kλ the window function effect dominates. At these
baselines and lower, we also have relatively small number of independent realizations of
the estimates of the power spectrum and hence sample variance dominates. We would
like to restrict our interpretation within the baseline values 1.5 kλ to 10. kλ, that is the
range over which the column density power spectrum was measured. These baselines
corresponds to a length scale range of 300 pc to 4 kpc at the galaxy. Based on the
amplitude of the velocity spectrum, at 4 kpc we see velocity fluctuation of magnitude 9
km sec−1, whereas at 300 pc it is as low as 1.2 km sec−1. The fluctuations at the largest
scale is comparable to the typical vertical velocity dispersion in the spiral galaxies (Lewis
1984). Certainly at the smallest length scales the velocity fluctuations are comparable
to thermal velocity fluctuations by the cold neutral medium. Tamburro et al. (2009)
has estimated the velocity dispersion of the galaxy NGC 6946 ( amongst other galaxies),
where they find the median velocity dispersion is about 10.1 km sec−1, consistent with
the amplitude of the velocity fluctuations we measure here. They estimated the variation
of the velocity dispersion as a function of radius and see that it reduces with increasing
galactocentric radius. They compare the velocity dispersion with the star formation
rate and discuss that within the radius of 8 kpc, where all the star formation happens,
feed back from the star formation is enough to maintain the observed dispersion. At
larger radius, they conclude, other mechanisms like magneto rotational instability (MRI)
etc may be driving the velocity dispersion. Our result suggest a large scale correlated
velocity fluctuations at scales at least comparable to the star forming disk. Federrath
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et al. (2009) investigated the effect of solenoidal and compressive forcing for compressible
fluid turbulence. They found that the resultant velocity spectrum (in our definition) have
a slope of −2.89 for solenoidal forcing, while for compressive forcing the slope is −3.03.
Though our measurement of the slope −3.1±0.4 favours the compressive forcing slightly,
it can not completely rule out the other. If we consider that the compressive forcing
is favoured, MRI would not be an effective mechanism as the forcing associated would
be more solenoidal than compressive in nature. A possible forcing may arise from the
rotational instability caused by the density fluctuation in the dark matter halo that hosts
the galaxy. We would like to investigate in this line in future.
4. DISCUSSION AND FUTURE SCOPE
In this thesis we investigated the statistical properties of large scale density and velocity
fluctuations from the radio interferometric observation of neutral hydrogen of external
spiral galaxies. We compared different estimators of the column density fluctuation
using numerical simulation. We implemented the visibility moment estimator of the
velocity power spectrum and estimated the power spectrum of the line of sight velocity
fluctuations of the spiral galaxy NGC 6946.
In first part of our work, we checked the efficacy of the visibility and the image based
power spectrum estimators using simulated observation of a model galaxy. We found that
the image based power spectrum estimator have a noise bias which create a deviation
from the true power spectrum. On the other hand, the visibility based power estimator
recover the true power spectrum without any bias. The reason for the deviation is the
sparce baseline coverage and the noise bias arising from the incomplete deconvolution is
correlated with baseline distribution. Hence, the image based power spectrum estimator
must be avoided for the radio interferometers with incomplete baseline coverage. It
is important to note that it is not possible to estimate the locally averaged quantities
directly from visibilities, image reconstruction is necessary. However, the mean of the
deconvolution noise in the image is zero and the locally averaged quantities we estimate
from the reconstructed image do not have any significant bias. We demonstrated this by
inspecting the azimuthally average window function. We compared the column density
power spectrum of 18 spiral galaxies from the THINGS sample between image based and
visibility based power spectrum estimators. We found that the power spectrum estimated
from reconstructed images systematically follow a steeper power slope. This suggests
that the statistical study of the radio sky would require recording of the visibilities from
the observations. For the future telescopes like the Square Kilometer Array (SKA) it is
often argued that because of the huge data rate only images reconstructed in real time
from the visibilities will be recorded. However, our result points out the importance of
recording the visibilities.
We implemented the visibility moment estimator and measured the turbulent velocity
power spectrum of the spiral galaxy NGC 6946. A power law model spectrum offer a
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statistically significant fit to the data suggesting a scale invariance velocity fluctuations
at length scales as large as 4 kpc. Scale invariance density and velocity fluctuations for
this galaxies at these scales suggest strongly for a turbulent dynamics. We found that the
amplitude of the fluctuation at 4 kpc is about 9 km sec−1, consistent with the velocity
dispersion of the H i gas. The apparently larger errors associated with our measurement
of the slope of the spectrum do not allow us to comment strongly on the nature of the
driving mechanism, though it weakly favour compressible forcing at large scale. We
guess that this can be the result of density fluctuations coupled by gravity compared
to MRI driven fluctuations. Nevertheless, this thesis presents the first ever
measurement of the power spectrum of the line of sight velocity fluctuations
of any external spiral galaxy (NGC 6946 here) and strongly indicate presence
of large scale turbulence.
The limitations in pointing out the nature of the driving force in this work arises
mainly because of the measurement noise. This can be trivially improved by increasing
both the observing time and baseline coverage. In practice, however, the THINGS survey
already combine the B, C and D array of VLA and have significantly large integration
time. The importance of the science objective here would surely drive future observations
to improve on the data. Also, observations taken from other radio telescopes like GMRT,
WSRT etc can be combined to the VLA data to improve upon the baseline coverage.
In this work we used a parametric estimation of the velocity power spectrum. However,
in principle it is possible to perform a direct deconvolution of the velocity spectrum
from Pχ, using well established algorithms like the Richarson-Lucy deconvolutions etc.
Finally we note that we plan to estimate the velocity power spectrum of a sample of
spiral galaxies (THINGS have four more galaxies in the right inclination angle window)
in future, to access the true nature of the large scale fluctuations in more detail.
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